Abstract-In this paper, a visual and haptic human-machine interface is proposed for teleoperated nano scale object interaction and manipulation. Design specifications for a bilateral scaled teleoperation system with slave and master robots, sensors, actuators, and control are discussed. Phantom T M haptic device is utilized as the master manipulator, and a piezoresistive Atomic Force Microscope probe is selected as the slave manipulator and as topography and force sensors. Using the teleoperation control system, initial experiments are realized for interacting with nano scale surfaces. It is shown that fine structures can be felt on the operator's finger successfully, and improved nano scale interaction and manipulation using visual and haptic feedback can be achieved.
INTRODUCTION
One of the important future trends of the robotics field is handling and interacting with smaller size objects where human sensing, precision and direct manipulation capabilities lack. Especially, handling and interacting with materials at the nano and molecular scales have been a new challenging issue for the robotics field [1] , [2] . At one side, some researchers are trying to understand more about the nano world physics and chemistry, and, on the other side, robotics researchers are attempting to construct new tools, control and sensing technologies, and human-machine interfaces specific to the nano world.
Since there is no complete understanding and control of the nano scale physics, a direct teleoperation system is mainly used as a human-machine interface to a nanorobot. In this system, a human operator directly con-1 trols the motion of a nanorobot while having on/off-line visual and haptic feedback. Hence, tasks requiring high-level intelligence and flexibility can be realized. This is crucial especially for reliable tele-manipulation of nano scale fragile samples such as biological objects, carbon nanotubes, or polymers.
As the first example of a direct tele-nanorobotics system, Hollis et al. [3] tried to get tactile feedback from a Scanning Tunneling Microscope probe moving on surface atoms of graphite. The first nano scale force-feedback system using an Atomic Force Microscope (AFM) was constructed by Falvo et al. [2] . They also developed a 3-D real-time Virtual Reality graphics interface for realistic teleoperation [4] . However, they did not consider the scaled teleoperation control problem and analysis of AFM probe dynamics and physical modeling in detail. Sitti et al. studied these issues in detail [1] , and introduced continuum physics models [5] and control techniques [6] . In this paper, AFM probe based sensing and manipulation is connected with direct teleoperation technology for putting human operators inside of the nano world for physically interacting with surfaces and manipulating materials at the nano scale. As contributions of this paper, a real-time contact deformation display of surfaces at the nano scale is developed using a fuzzy-rule based deformation method and Maugis-Dugdale continuum contact mechanics, and force sensing and design issues related to AFM probe based 2-D and 3-D tele-nanomanipulation are discussed in detail.
As the outline of the paper, the overall system is described at first. Then, the slave site, i.e. the nano world, is described with proposed nanomanipulator and force and visual sensing components in Section 3. Next, at the master site, master manipulator, visual interface with deformation display, force display and teleoperation control scheme are explained. Experiments for touching to surfaces with nano scale force feedback are reported and conclusions are given. 
SYSTEM SETUP
In order to interact with nano scale surfaces in 2-D or 3-D, a teleoperated nano-robotic system is proposed as shown in Figure 1 . Phantom T M haptic device as the master manipulator is used to control the motion of a piezoresistive AFM probe which can interact with nano scale surfaces and give force feedback. As a user-friendly interface, the operator also uses a virtual reality graphics environment which displays imaged 3-D AFM topographies, AFM probe tip position, and surface forces and deformation during touching to surfaces. At below, the components of this sytem are explained in detail.
SLAVE SITE: NANO WORLD

Nanomanipulator
For realizing mechanical, electrical or magnetic manipulation tasks, contact or non-contact type of manipulators should be designed. In this study, contact type mechanical manipulation is aimed which is an extension of macro scale robotics to the nano scale by utilizing nano physics and chemistry. Desired tasks for nanomanipulation would be pushing, cutting, indenting, holding, touching, picking, etc. Using one AFM probe, only 1-D and 2-D tasks such as pushing, cutting, indenting, and touching are possible. For 3-D case such as a pick and place task, new gripper or chemistry based manipulation strategies are needed to be developed. A possible mechanical 3-D nanomanipulation system is proposed in Figure 2 [7] . AFM probes are intensively utilized as nanomanipulators recently [8] , [9] , [10] . A silicon probe with a piezoresistive sensor on it is selected in this paper. It has a very sharp parabolic tip at the end, and is compliant in order to measure the nanoforces on the probe tip. Probe bending is measured using a Wheatstone bridge electronic circuit [5] indicating the resistance change in the piezoresistive sensor due to applied stress at the probe base. For this type of nanomanipulator, following parameters should be designed:
• Mechanical properties of the probe are important for the magnitude of forces applied on the objects during manipulation or interaction. Probe stiffness k z is the main parameter to design for the applied forces, and, for a rectangular cantilever, it is given as:
where E is the Young modulus, t is the thickness, w and l are the width and length of probe. In the case of touching to the nano scale objects, k z should be small for soft samples such as biological objects. However, for manipulation, it should be large for having sufficient loading force.
• Probe tip size should be minimized for reducing the risk of nano-object sticking to the probe tip due to surface forces during manipulation.
• Same probe is used as a 3-D topography and force sensor. Topography sensing is mostly done in tapping mode [1] which needs a beam with high resonant frequency f r and quality factor Q, which means large k z , for increased sensitivity. Then there is a trade-off between topology and force sensing such that k z should be large for imaging while the force measurement sensitivity is reduced. For a hard object manipulation, this problem does not exist since force values are large, but an optimization is necessary for soft object manipulation case.
• The probe is actuated with piezoelectric x-y-z stack actuators (piezotube or precision stage) with a limited range (in the order of micrometers), very high resolution (down to pm), high bandwidth (0.01-100 KHz), and closed loop sensors. Besides of this high resolution stage, a coarse long-range x-y-z stage is also needed for searching samples and initial alignment.
• During manipulation or interaction, sample or the probe can be moved by a piezoelectric actuator depending on the design. Moving the probe is simpler for teleoperation control while its mechanical design is more challenging. 
Force sensing
Forces at the nano scale can be given as van der Waals, capillary, electrostatic, magnetic, double layer, friction, contact repulsion, etc. [11] . These forces are highly nonlinear, attractive or repulsive, and can be long and short range. Thus, even without contacting to the surfaces, attractive or repulsive forces exist at the nano scale, and they should be felt with the teleoperation system. AFM probe is used for sensing these forces. Taking the force vector as F = [F x F y F z ] T , the normal deflection ∆ζ and lateral motion ∆y from the initial positions can be measured using an optical detection system so that
where E = 2(1 + ν)G, G, ν ≈ 0.33, S = H/l, and H are the beam Young's modulus, shear modulus, Poisson's ratio, structural constant, and tip height respectively, and α is the beam tilt angle from the base. Here, ∆ζ depends both on F x and F z while ∆y depends only on F y . Therefore, the force sensing d.o.f. could be defined as 2(1/2). Furthermore, maximum deflection ∆ζ max and force F max z before failure for the nanoprobe can be also computed as:
where S y is the probe material yield strength. Thus, during a nano scale interaction, contact forces should not exceed F max and proper probe dimensions should be chosen for high contact force interactions. In Eq. (2), ∆y is determined by both torsional, k θ , and lateral, k y , bending stiffnesses. However, using an optical detection system, only torsional twisting can be measured. Therefore, k y k θ condition should be held for only twisting based y-position change of the beam. This means that following condition should be held for the beam:
Then, by keeping k z in a reasonable range, i.e. 1 − 50 N/m, t and l should be minimized while w and H are maximized for this measurement system. As an important conclusion from here, if decoupled force feedback to the teleoperation system is desirable, the probe should be moved in y-z direction. Thus, F x and F z coupling can be eliminated. However, if 3 d.o.f. force feedback is desirable during x-y-z motion, these forces should be decoupled by modeling of forces, or a new nanoforce sensing method should be introduced.
Vision sensor
AFM probe is also utilized as the 3-D topography sensor which enables the imaging of any type of object in any environment. However, real-time imaging is the main problem of AFM. Moreover, the range of AFM images is limited by the scanner range and scanning time. Therefore, AFM scanning speed should be increased by integrated actuators on the probe or using fluoroscent optical microscopy kind of far-field real-time imaging.
MASTER SITE: MACRO WORLD
Master manipulator
Using a master manipulator, the motion of the nanomanipulator is directed by the operator motions while the scaled nano scale forces are felt by the operator. As the desired design specifications of the master haptic device:
A F M c a n t i l e v e r ( S l a v e ) P H A N T o M ( M a s t e r ) (1) high bandwidth (0.1 − 1 KHz), (2) minimized friction and backlash for feeling the tiny nanoforce changes, (3) 2 or 3 d.o.f. with force feedback, (4) selecting the force feedback point as shown in Figure 3 .
In our setup, the 3 d.o.f. Phantom T M haptic device displayed in Figure 4 is utilized as the master manipulator. It has few friction and backlash and around 1 KHz sampling time (around 15 Hz bandwidth), and operator force is not measured, i.e. it is impedance type. Therefore, it could be used for tele-nanorobotics applications. (Figure 5b) . Depending on the surface topography, the former or the latter are preferable [12] : if the surface is flat and there are objects scattered on the surface, 2-D image is easier to visualize while for rough and 3-D complex surfaces 3-D image would show better details. In the surface image, the end of the cantilever tip is displayed in real-time as a small ball. This ball is operated by the Phantom T M so that it tracks the scaled x-y-z motion of the Phantom T M . Figure 5 is an example view from the 3-D Nano Graphics system.
Visual graphics interface
Displaying surface deformation
Since the scan data is taken only once before the task starts, any change in the surface due to manipulation is not known to the operator. So any method which will change the graphics as close as possible to the changes in the real environment will help the operator to achieve the task. This method should calculate the shape variation in the surface when the tip interacts with the surface using the information available on-line. At the current state of our system, this on-line information which can be provided during the task is the position of the cantilever tip on the surface, actually it is the end of Phantom T M tip. The tip can be over the surface with a certain distance which would not cause any deformation on the surface or it can be immersed into the surface which will affect a certain area around the contact point.
On the other hand, depending on the type of the surface and the tip indentation depth, surface deformation changes. With the same depth value, while soft surfaces will give wider deformed areas with small interaction forces, hard surfaces are expected to give smaller deformed areas but large interaction forces. Also the hardness of the cantilever will effect the interaction. AFM probe tip material is generally selected to be silicon or Si 3 N 4 , therefore it is very hard. So a good model which represents the surface deformation should include all these parameters.
To represent the deformation on the surface, a fuzzy model is utilized for an intuitive graphical display. V ertex − based and spline − based methods are commonly used to represent surface variations in a Virtual Reality (VR) environment [13] . These methods are effective in realizing the deformations on the surface but it is difficult for the user to understand the relation between the parameters of these models and the parameters governing the tip-sample interaction. Also when the scan data consists of 200×200 points, the amount of calculations is quite large making these methods not applicable as a real-time display method for the AFM image based visual interface.
As a surface deformation method for a VR environment, a fuzzy model was proposed by Takagi and Sugeno in 1985 [14] . In this model the fuzzy rules are represented as follows; 
then the output is calculated as;
In our system we take the scan data as the original, undeformed surface and calculate the deformed surface using this fuzzy model. When the probe tip touches or indents the surface, a new fuzzy rule set is created which defines the deformed shape of the surface. Then this deformed shape is added to the original shape. The outline of our method is as follows:
1. 3-D topology graph is drawn from the AFM scan experimental data. 
Here, R i new (i = 1, 2, 3, 4) is the fuzzy rule set for the i th input space. How the input spaces are formed can be seen in Figure 6 .
3. Parameters a i , b i , c i are calculated using the tip position, the surface height and d 0 .
New Gaussian membership functions are defined as:
where p i x , p i y are calculated from x o , y 0 , d 0 . That is how the area around the touching point is effected is determined by the membership functions and the depth of pushing.
5. The surface which represents the deformation is added to the original data to get the deformed surface.
One of the adventageous points of this model is that the model provides the user with a familiar manner for understanding the relation between the model parameters and the physical properties of the interaction. This means that the designer can easily determine the related parameters.
During the task, while the tip is moving above or on the surface, the tip position is measured continuously. Each time the position data of the tip is taken, and the deformation is calculated. Therefore the computation time is very important for this kind of a real-time application. To decrease the computation time, the number of the fuzzy rules should be small and the rules should be easy to calculate. Increasing the number of rules will probably give a better shape deformation which is more close to the real situation but when we trade off between closeness to reality and computation time we prefer small computation time since the operator needs to track the changes on-line.
Force feedback during surface deformation
When the probe tip touches the surface and is pushed further into the surface of nano object a repulsive contact force occurs between the surface and the tip. Since both object and tip can be broken due to excessive forces the system should be designed to display the force to the operator to prevent excessive forces.
In our system, we developed a force display model to give the operator some degree of control on the interaction force. The force is displayed as two components: magnitude and direction. In the current state of our system we calculate the magnitude of force through a Maugis-Dugdale continuum contact mechanics model using tip-surface seperation [1] . This model is the most realistic continuum model for AFM probe based nano scale contact mechanics.
To provide the operator with force feedback, the magnitude of the force is displayed as a cone in the graphics display ( Figure 5 ). The cone becomes larger when the force is larger. Also the direction of the cone represents the direction of the force since the interaction force between the tip and the surface can be attractive as well as repulsive. Also considering the direction of the tip-sample contact, x-y-z components of the force are calculated and the force vector is displayed in 3-D. Bilateral teleoperation controller generates inputs for both slave and master manipulators in order to track scaled positions. Here, the operator is assumed to move slowly and smoothly for undesired instabilities.
Bilateral teleoperation control
The operator controls the cantilever contact x-y-z position while feeling the normal interaction forces between the tip and sample. Teleoperation control structure for Phantom T M device is given in Figure 7 . The aim of the teleoperation system is to track the scaled master position x m = (x m , y m , z m ) in the nano world as x s = (x s , y s , z s ) when t → ∞ to enable [15] 
where α p is the position scaling factor and in the range of 10 −5 − 10 −7 in general.
As the controller, a PD controller is used for tracking the desired scaled master positions so that
where K p and K v are proportional and derivative control parameter matrices and τ s is the x-y-z stage input torque.
EXPERIMENTS
Using a custom-made AFM system described in [5] , 3-D nano scale topography images of a given substrate are generated by contact mode scanning. This AFM image is displayed in the 3-D Virtual Reality graphics display, and then simulated touch feedback experiments are realized using the human-machine interface described before. Here, instead of real AFM probe force measurements, modeled nano forces are felt on the operator's finger. Contact deformation of the surfaces are displayed in real-time using the Maugis-Dugdale contact mechanics and proposed fuzzy-models.
Calibrating the sensitivity of the piezoresistive sensor on the probe as 34.4 nm/V with a hard silicon surface, ∆ζ is computed. Piezoresistive cantilever specifications are: l = 155 µm, w = 50 µm, t = 3 µm, H = 3 µm, L s = l/H = 51.7, α = 15 o , k z = 8 N/m, and resonant frequency of 135.28 KHz. Thus, k xz = 276 N/m, k θ = 11225 N/m, and k y = 2222 N/m. Then, measured ∆ζ corresponds to ∆ζ = 0.036F x − 0.12F z .
As the first teleoperation experiment, 2-D/3-D point contact touching experiments are realized. A previously scanned silicon surface is displayed in the Virtual Reality graphics environment, and the AFM tip is moved in x − y − z coordinates to get a touch feedback. For nanoforces, simulated models are utilized to generate attractive (negative) and repulsive (positive) nanoforces. Here, silicon tip and surface have Young's Moduli of 169 GP a and Poisson's ratios of 0.3, and probe tip radius is taken as 30 nm. At first, the AFM tip is touched to the surface in z direction only, and the resulting forces on the operator finger are shown in Figure 8 . It can be seen that the operator felt attactive forces in the order of 80 nN during retracting from the surface. Secondly, the tip is touched to the surface at the x − y direction as shown in Figure 9 where the felt x − y nanoforces can be seen. Thus, attractive and repulsive nanoforces can be felt successfully on the surfaces at 3-D. During this experiment, nanoforces and surface deformation are displayed as in Figure 10 .
To evaluate the system performance, loop times of each system component are computed as given in Table 1 . As can be seen, graphics sampling rate is around 33 Hz while the haptic device sampling rate is 1 KHz. Therefore, for a real-time task display system, the method used to calculate the surface deformation should be designed to have minimal amount of calculations. 
CONCLUSIONS
In this paper, design of a teleoperated nano scale interaction and manipulation system is proposed. Here, design methodology for AFM probe based nanomanipulators is introduced, and fuzzy-rules and Maugis-Dugdale continuum contact mechanics modeling are combined to enable novel real-time nano scale surface deformation display. Using a 3 d.o.f. Phantom T M haptic device with a scaled teleoperation controller, preliminary experiments for interacting with AFM scanned surfaces are realized. Experimental and simulation results show that the proposed system can be used for nano scale interaction and manipulation applications. During the experiments, it is observed that only visual feedback is not sufficient for interacting the nano world since the visual feedback includes many sources of errors such as positioning drifts, nonlinearities, noises, and etc., and there is no realtime visual feedback possibility at present in ambient conditions for nano scale observation. Therefore, real-time force feedback is one of the solutions for compensating these errors and problems. As the future works, tele-nanomanipulation experiments will be conducted, and biological object manipulation experiments will be realized in liquid environments for sensing their elasticity and viscosity, and cutting, pushing, etc. type of mechanical manipulation tasks. As an example manipulation material, carbon nanotubes will be pushed and cut in order to characterize their mechanical properties [16] , [17] . ; at a close vicinity, an attractive force (the cone representing the nanoforce magnitude and direction is downwards) pulls the probe to the surface (upper right); continuing to approach, the tip contacts to the surface and a repulsive force (the cone is upwards and the ball becomes red) pushes the tip and deforms the surface (lower left); pushing with higher forces (the cone size is larger) the surface is deformed more (lower right).
